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Foreword:

"There is no life without Plants and there are no Plants without nutrients" (EFMA, 2002)

Agriculture cannot be sustained without the replenishment of nutrients removed by crops, as plant growth is dependent upon a continuous supply of mineral nutrients from the soil. 

The purpose of fertiliser application to grassland is to produce an appropriate level of soil fertility to support adequate crop growth (and animal performance) and to maintain an adequate level of soil fertility by replacing all nutrient off-takes, be they in the forms of milk, meat or crops, (grass/silage). Nutrient deficiency, particularly Nitrogen, Phosphorus, Potassium and Sulphur will dramatically reduce output. 

The profile of the environment is rising, particularly in relation to agricultural activity.  No ecosystem, whether natural or managed is completely “leak-free” e.g. all soils whether fertilised or not give up finite quantities of nutrients to percolating water.  Clearly, over-enrichment of the environment with any nutrients can have negative affects on water or air quality etc.  Because of the inherent interaction between agriculture and the environment, it is essential that agricultural practices be in harmony with the environment.  Precision in the use of fertiliser has become increasingly important in recent years because of concerns about possible environmental pollution.  It is paramount that amounts used reflect soil fertility status and demands.  Good Agricultural Practice is compatible with the environment.
Environmental policy too is developing. There is a greater integration of the environment into other policies, adding to the already vast array of environmental legislation.  It is however, foremost, that environmental guidelines and policies are realistic, not reactionary and particularly when forming the basis for agri-environmental legislation, are developed from experimental results that are fundamentally sound, independently determined, representative of national circumstances and ideally, published in peer-reviewed scientific journals.  

1.
AGRICULTURAL LAND USE

Grass is the main feed for ruminants in Ireland.  Approximately 80% of the utilised agricultural land (excluding rough grazing) is grassland (Table 1). 

                                Table 1: Irish land Use
	Irish Land Use
	Hectares (000)

	Utilised
	4418

	
	

	Pasture
	2325

	Hay
	250

	Silage
	977

	
	

	Rough grazing
	465

	Tillage
	401


                                Source: CSO 2000 

2.
FACTORS AFFECTING GRASS GROWTH

The main environmental factors affecting growth and herbage production are temperature, light and soil moisture (Hopkins, 2000).  Grass growth occurs above 50C with large responses between 5 and 100C and smaller responses up to a maximum of 200C and continues until air temperatures fall below 80C in autumn (Brereton, 1995).

Getting the basic soil nutrition such as lime (soil pH / soil acidity), phosphorus (P) and potassium (K) is critical in grass production and any deficiencies should be corrected.  A knowledge of potential trace element problems is highly desirable (O’Riordan and O’Kiely, 1996; O’Riordan et al., 1999).  

Lime has many benefits in the soil and is a vital factor in soil fertility.  All crops have their optimum pH – for grass it is 6.3 (Culleton, 1999a) or above, with a target of 6.5 (Teagasc, 2001).  With very few exceptions, liming of grassland to raise the soil pH to at least 6.0 is nearly always justified (O’Riordan et al., 1999).  The effects of lime on improved nutrient availability, increased proportions of more desirable grasses in the sward, a better response to applied fertilisers, particularly Nitrogen (N), and thus to overall improvement in animal output is well documented and accepted (O’Riordan and O’Kiely, 1996; O’Riordan et al., 1999).
Plant growth is dependent upon a continuous supply of mineral nutrients from the soil. Plants contain nearly all the 92 natural elements but only 16 - 13 of which are essential - are required for good growth (Murphy, 1990).  The purpose of fertiliser application to grassland is to produce an appropriate level of soil fertility to support adequate crop growth and to maintain an adequate level of soil fertility by replacing all nutrient off-takes, be they in the forms of milk, meat or crops, (grass/silage). It is also essential for production that a balance of nutrients in grassland swards is maintained, that not only allows maximum grass growth but also provides correct levels for optimum animal production and health. 
While the application of fertiliser Nitrogen (N), phosphorus (P) and potash (K) is predominant, secondary nutrients and micro-nutrients/trace elements are fundamental for plant growth and must NOT be ignored.  Furthermore, there are interactions between nutrients and any deficiency in these will dramatically reduce production.  

Plant response to increasing supply of any limited nutrient follows the characteristic “semi-sigmoid” relationship with an initial linear section before the incremental response gradually diminishes to zero (Scholefield and Fisher, 2000).  The efficiency of nutrient uptake changes during the year according to variation in the ambient conditions of light, temperature and soil water content and the physiology of the plant itself.    

3.
SOIL TEST ANALYSIS IN IRELAND

The objective of all nutrient applications to grassland is to replace the nutrient off-take from grazed grass and/or grass silage.  In order to accurately target soil nutrient deficiencies, soil analysis is critical.

Using the present soil index system (Teagasc, 1999, 2001), soil analyses from Teagasc, Johnstown Castle shows that although P and K fertiliser use in Ireland on average, is adequate, over 50% of all samples are deficient in Phosphorus (P) and Potassium (K) i.e. Index 1 and 2.  More specifically, of the 52% deficient in P, 18% were severely deficient.  For K, 42% of samples from grazing situations were deficient (of which 10% were severely deficient) while 65% of samples from silage cutting situations (of which 20% were severely) were deficient in K.  Also, a further 25 to 30% of soils require annual maintenance inputs  (i.e. Index 3) of P and K i.e. to replace removals.   In other words, ~75% of Irish Soils require annual inputs of P and K.

In addition, over 30% of Irish soils are deficient in S and this deficiency or requirement is expected to increase (See later).
4.
FERTILISER – A GRASSLAND MANAGEMENT TOOL

Herbage production is affected by agro-climatic conditions, which are both within and outside the farmer’s control.  Basically, the tools available for managing grazing systems are limited to stocking rate, fertiliser (nitrogen), rotation length and grazing severity (McGilloway and O’Riordan, 1999).  

Matching the supply of quality grass to animal demand, or in the cases of high producing animals, feed intake capacity, is the key to successful management.  Research data from around the country shows enormous differences (up to 85%) in grass dry matter (DM) yields between years.  Maintenance of high soil fertility is important as it leads to less fluctuation in annual grass yield. 

Management complexities because of our pronounced seasonal grass growth pattern are further complicated by the colossal variation in daily/weekly grass growth. The timing and rate of fertiliser used readily affects grass production. The most effective input available to the grassland farmer to increase grass yields is the timely application of fertiliser N (see later). 

There are substantial advantages to be gained from patterns of fertiliser N use, which help to limit the seasonal disparities, which frequently exist between rates of herbage production and animal requirements (Hodgson, 1990;Whitehead, 1995) (see later).  

The operation of a flexible, adjustable grassland management programme revolves around the strategic use of fertiliser as a management tool.  

5.
NITROGEN (N)

In nature, nitrogen (N) is present in the air, plants, water, animals and soil in various forms: elemental N (di-nitrogen), ammonia, ammonium, nitrite, nitrate or nitrous oxide.  It may transform from one of these to the other as part of the overall N cycle i.e. during N2 fixation, mineralisation, (ammonification), nitrification, assimilation, immobilisation, volatilisation, denitrification, leaching (Ryan, 2001).  

Nitrogen is an essential constituent of plant proteins, nucleic acids and chlorophyll (Whitehead, 1995). For plants to carry out protein synthesis efficiently, N must be freely available.  This is especially true of grassland because grass plants have high demand for N since they produce large amounts of protein rich-leaf (Ryan et al.,1984).  The N content of herbage can vary in relation to the N input and physiological state.  Rogers and Murphy, (2000) reported that grass samples in Ireland had an average N content of 3.51% of the DM but ranged from 0.86% to 6.27%.

A deficiency of N restricts the growth of individual leaves (leaf size) and their photosynthetic capacity as well as restricting the number of tillers that develop (Whitehead, 1995).

Higher plants (except those depending on symbiotic fixation) readily absorb nearly their entire N as nitrate and ammonium ions via the roots.  Nitrate is generally the main form as ammonium is converted to nitrate by the nitrifying bacteria (Nitrification) in the soil.   However, this process occurs slowly in acidic soils and at low temperatures and under these conditions much of the total N uptake may be in the form of ammonium (Whitehead, 1995).  Nitrate (NO3) and ammonium (NH4) ions occur readily in the soil as a result of microbial decomposition, of plant and animal residues, animal excreta and humidified soil organic matter and via the application of fertilisers (Whitehead, 1995).

When grass is growing actively, most of the nitrate-N or ammonium–N applied as fertiliser is taken up during the 3-4 weeks after its application though when growth is restricted by cold or drought, the uptake of N occurs more slowly (Whitehead, 1995). 

Nitrogen fertiliser is the key element that drives productive agriculture (Culleton, 1999) and from the grassland farmers perspective N input, is one of the few tools at his disposal to control grass supply (McGilloway and O’Riordan, 1999).

5.1
Effect of Nitrogen Fertiliser on Annual Grass Production

Throughout EUROPE the response of grass swards to fertiliser N has been investigated, mainly in cutting trials, often based on perennial ryegrass swards, with fertiliser applied in intervals throughout the season and totalling up to 500kg/ha or greater (Hopkins, 2000).  Basal yields, with no added fertiliser vary greatly depending on site conditions.  The slope of the response curve to applied fertiliser N (i.e. magnitude of the grass growth response) is influenced by a plethora of agro-climatic conditions and management factors such as water, temperature, soil characteristics, sward type, herbage species, defoliation method and frequency, etc. The supply of the N from the soil often has little effect on the response to fertiliser N (in terms of kg DM/kg N) at rates up to about 300kg N/ha/annum, although it does influence the actual yield at any specific rate of fertiliser (Whitehead, 1995).  Generally, herbage response to fertiliser N application follows an initial linear phase of 15-30 kg DM/kg N, usually up to an application rate of within the range 250-400 kg N/ha.  As the rate of fertiliser N is increased, the response diminishes until a maximum yield is reached (Whitehead, 1995; Hopkins, 2000).  In cutting trials, maximum herbage yield is regularly achieved only at inputs in excess of 500kg N/ha (Hodgson, 1990).  However, maximum yield is usually of little relevance because of the low returns in terms of dry matter yields per capita of N applied as the maximum is reached (Jarvis, 1998).  The economic optimum is some designated level of herbage production response (kg DM/kg N) depending on individual farm circumstances (Table 5).  Additional factors to those outlined in Table 5 could include Livestock Premia collection, EU schemes (e.g. REPS) and Environmental legislation.

Similarly, research clearly demonstrates that under grazing conditions, increasing the amount of N applied increases the grass DM yield for a given age of re-growth (Peyraud and Astigarraga, 1998).
Table 5: Factors, variations in which the economic optimum use of nitrogen under grazing.

	Factor Group
	Factor
	Variable

	Environment
	Climate
	Rainfall, temperature, evapotransporation

	
	Location
	Aspect, altitude, slope

	
	Soil Type
	Soil physical conditions, porosity, carbon content, nutrient supplying power, rooting depth

	Management
	Drainage
	

	
	Pasture Type
	Age & botanical composition of pasture/clover content

	
	Stocking Rate
	Number & weight of animals/ha, age of animals

	
	Animal Species & Breed
	Cows, cattle, sheep and breed of each

	
	Grazing Season
	Date of starting to graze and duration of grazing season

	
	Source of Nitrogen
	Ammonium Nitrate, Urea etc.

	
	Nitrogen Application
	Time & rate of Nitrogen over grazing season

	
	Previous & Current management of animals
	Body condition at turnout to grass, concentrate supplementation level

	
	Grazing System
	Rotational, set stocking, paddock size, rest period length 

	
	Cutting Regime
	Number & Size of cuts taken for fodder conservation

	Economics
	Costs of inputs & Outputs
	Cost of nitrogen, price of end product, interest charges etc.

	
	Overheads
	Cost of land, labour buildings, roads, fencing etc.


Source: Gately et al., 1984

There is a universal response to fertiliser Nitrogen in grassland in IRELAND (Murphy 1990).  Ryan (1974) studying annual grass dry matter (DM) production responses under ~4-10 week cutting intervals on 26 sites around Ireland, showed that, on average, on all soils, that there were highly worthwhile responses to Nitrogen levels up to 310-336 kg N per hectare but above this the responses tended to taper off (Figure 4) i.e. the largest annual DM yield response to applied N occur at the first increment of N and the responses decline progressively thereafter.   This response curve is fairly consistent with experimental results using 6-7 week cutting intervals from swards grown for silage (Figure 5) carried out in Grange Research Centre in the late 1980s (Keating and O’Kiely, 2000).   More recent data from Grange under 3/4 week cutting intervals shows linear increases in annual grass yield with N applications up to 450kg N/ha (O’Riordan 1997, 1998: Figure 6) and 600kg (French 2002 Pers Comm. Figure 7) i.e. significant responses to N applications above 300 kg/ha (Table 6).  In practical terms, the latter experiments showed that the application of 150 kg N/ha/annum increased annual grass yield by over 50% while the application of 300kg or greater of N/ha/annum over doubled the annual grass yield.  

    Figure 4
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      Source: Ryan, 1974

Figure 5
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Table 6: Annual response (kg DM/kg N) to increments of fertiliser N applications (Grange Research Centre) 
	
	
	Annual Growth Response (kg DM/kg N)

	N Application (kg/ha)
	6-7 week cut
	0-230
	230-330
	330-430
	430-530
	0-330

	Keating and O’Kiely, 2000
	OPG
	28.0
	10.3
	6.1
	1.2
	23

	
	PRG
	27.2
	18.4
	18.1
	-5.0
	25

	
	IR
	30.5
	7.5
	13.4
	12.3
	24

	N Application (kg/ha)
	
	0-150
	150-300
	-
	-
	0-300 

	O’Riordan, 1997
	3 week cut
	25
	12
	-
	-
	19

	
	4 week cut
	26
	15
	-
	-
	20

	
	3 week graze
	-
	-
	-
	-
	21

	N Application (kg/ha)
	
	0-150
	150-300
	300-450
	-
	0-300 

	O’Riordan, 1998, 2000
	3 week cut
	23
	8
	21
	-
	16

	
	4 week cut
	24
	12
	14
	-
	18

	
	3 week graze
	-
	-
	-
	-
	26

	N Application (kg/ha) 
	
	0-150
	150-300
	300-600
	-
	

	French  2002 (pers comm.)
	4 week cut
	26.3
	17.5
	10.0
	-
	22


  
OPG = Old Permanent Grassland, LP = Perennial Ryegrass, LM = Italian Ryegrass
Currently, the recommended maximums for fertiliser N application in Ireland are 390-400kg/Ha/annum for grazed grass at stocking rates of ~2.8-3.0 LU/Ha and 140-150 kg/N for silage cuts (without slurry application) (Teagasc, 2001).  

NOTE: research indicates that there is a possible risk of loss of nitrate to ground water in permeable soils with N fertiliser applications to grazed grassland of more than 300kg/ha (Teagasc, 2001).  However, Ryan (2001) reported that concentrations in water draining from grassland are usually low since grass grows for most of the year and N uptake continues as grass grows but that ploughing of grass will lead to increased mineralisation of soil organic N, thus increasing the possible risk of nitrate leaching.  In general, the risk of N leaching is associated with arable soils, particularly fallow land and soon after ploughing (even when unfertilised) but this risk decreases the longer the land is in tillage due to depletion of the organic N pool (Ryan, 2001). 

5.2
Harvesting / Grazing Interval

The interval between applying fertiliser and harvesting / grazing (frequency of defoliation) readily affects herbage yield.  For example, O’Riordan (1997, 1998) found that at the same fertiliser N application rate, increasing the rotation length from 3 to 4 weeks increased grass growth rates / total yields and consequently increased the response to fertiliser. In general, under a cutting regime the yield of herbage produced during the year is greatest when the interval between defoliations is at least 6 weeks (Whitehead, 1995).  In practice, this means that the response to fertiliser N application under silage cutting would be greater than under rotational grazing as the defoliation interval is usually much shorter under grazing (Table 7).  However, herbage of higher quality (digestibility) is obtained at less than 6-week intervals (Whitehead, 1995). Thus, the optimum timing of defoliation is a compromise between quantity and quality. 

                Figure 6
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  Source: O’Riordan 1997, 1998


Table 7: 
Mean annual grass DM response to applied N (kg DM/Kg N applied)

under a silage-cutting regime

	Annual N Rate (Kg/Ha)
	230
	330
	430
	530
	630

	Year 1
	
	
	
	
	

	OPG
	31.0
	25.4
	20.9
	16.8
	14.5

	LP
	34.0
	29.7
	29.6
	22.6
	20.0

	LM
	37.2
	29.4
	25.2
	22.9
	18.7

	Year 2
	
	
	
	
	

	OPG
	25.0
	19.9
	16.7
	14.1
	11.0

	LP
	20.3
	19.4
	16.6
	12.9
	11.1

	LM
	23.7
	17.6
	17.2
	16.0
	10.7


 
Source:  Keating and O’Kiely, 2000

5.3
Cutting v. Grazing

The responses to Nitrogen under cutting may not be directly applicable to the grazing situation.   These differences are caused by specific effects, both positive (e.g. excreta of the grazing animal increases N supply) and negative (treading, poaching, fouling, dung and urine scorching) of grazing (Van der Meer, 1996).  From a nutrient recycling point of view, herbage production responses would be expected to be greater under grazing than cutting management at equivalent levels of N input below the optimum (Hodgeson, 1990; Whitehead, 1995).  However, the return of excreta often entails large losses (Whitehead, 1995) (See section on RECYCLING OF NUTRIENTS).  Indeed, these diverse effects of grazing often offset each other and the net effect of the grazing animal on the response to N fertiliser is often small (Whitehead, 1995).

In Ireland, O’Riordan (1995) comparing a 3-week cutting and 3-week grazing regime (mainly picking up the effect of treading/urine) receiving 300kg N/ha/annum reported a 14% higher annual herbage yield under the cutting regime.  In contrast, comparable trials by O’Riordan (1997) and (1998) found similar/higher yields (+7% and +28% respectively) under the grazing regime (Table 6).

Under grazing management, key to effective use of fertiliser N is efficient grazing (Hodgson, 1990; Van der Meer, 1996).  

5.4
Seasonal Effects

The yield of grass herbage responds most to fertiliser N when the grass is growing actively, and therefore when conditions of light, temperature and water supply are all favourable (Whitehead, 1995). Generally speaking, the herbage production response to N input is directly proportional to the rate of herbage production of the sward at the time (Hodgson, 1990).   

    Figure 7:  Weekly grass growth at 3 Nitrogen levels under a 4-week cutting regime.
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      Source: French P. (2002 pers comm.) Grange Research Centre

5.5
Early Spring 

The production of early grass is strongly influenced by the time of closing the pasture in autumn and by the time and rate of application of N in spring (Murphy, 1994). For maximum growth in early spring, obviously soil fertility must be good, with adequate Phosphorus (P) levels being essential because P is far more important in cold conditions than warmer conditions (Murphy, 1979). The effects of “early Spring” application of fertiliser N are summarised in Table 8. This data shows that sizeable responses to  the application fertiliser N can be obtained in early spring. 

From a series of experiments MacCarthy (1984) reported that N application always advanced, by approximately three weeks, the date in spring by which any given yield of grass was attained.  Clearly, the application of N should be carried out as early as circumstances permit.

Table 8:  Herbage yield and growth response in “Early Spring” to Fertiliser N application

	Reference
	Fertiliser Application (kg/ha)
	Time of Fertiliser Application
	Harvest Date


	Grass Yield 

Increase above 0 N  (%)
	Grass Yield Response

(kg DM/kg N)

	McCarthy (1984)

(Moorepark)
	45
	Late Jan
	Early Mar
	+36
	5.3 (11.6)

	Stevens et al. (1989)

Northern Ireland
	70
	Early Feb
	
	
	14.5

(6.0-22.4)

	Murphy (1994)
	51
	Jan
	April
	-
	9.6

	(Johnstown Castle)
	103
	
	
	-
	8.9

	Neilan et al. (1997)
	25
	Late Feb
	April
	-
	7.3

	(Grange)
	50
	
	
	-
	8.3

	
	75
	
	
	+62
	7.8

	Kelly et al. (1998)
	30
	Early Feb/Mar
	May
	+15
	18.2

	(Wet soil)
	60
	
	
	+20
	11.3

	Laidlaw et al. (2000)

Northern Ireland
	40
	Early Feb
	>Mid-April
	-
	5.3


5.6
Autumn

Nitrogen can be used to extend the grazing season in Autumn.  Generally herbage mass increases with increasing N level and growth response to N decreases with increasing rate of N.  Delaying the date of N application reduces the response (kg DM/kg N) to N application and thus the subsequent “winter” yield (Table 9).  Murphy (1994) reported that the response to autumn application rates greater than 51kg N/ha was small.   Similarly, Casey and Brereton (1996) found that autumn herbage production was significantly increased by raising the N usage from 30 to 60 kg/Ha but was not significantly affected by increasing the application rate to 90kg/ha. 

The economics of fertiliser application at either end of the grass growing / grazing season are magnified if the grass is used to replace more expensive feedstuffs e.g. Autumn supplementation of cattle at pasture postpones housing and the feeding of grass silage. 

Table 9:  Herbage yield and growth response in Autumn to Fertiliser N application

	Reference
	Fertiliser Application (kg/ha)
	Time of Fertiliser Application
	Harvest Date


	Grass Yield 

Increase above 0 N  (%)
	Grass Yield Response

(kg DM/kg N)

	MacCarthy (1984)
	34
	Late Aug
	Mid Sept
	+39
	10.1

	
	34
	Mid Sept
	Early Oct
	+82
	8.7

	Murphy (1994)
	<51
	Early Sept
	Winter
	-
	8.7

	
	< 51
	Early Oct
	Winter
	-
	3.6

	Laidlaw et al. (2000)
	30
	Sept/Oct
	Nov
	+35
	11.0

	
	60
	
	
	+73
	11.5

	
	90
	
	
	+44
	4.7

	Binnie et al. (2001)
	30
	~Aug/Sept 
	Nov, Dec
	+27, +45
	15.4, 20.8

	
	60
	
	
	+50, +63
	13.9, 14.9

	
	90
	
	
	+61, +93
	11.5, 14.8


NOTE:  According to Mulqueen (2001), slurry/manures and chemical fertilisers should not be landspread in any part of Ireland in the months of November and December because of the large surplus of rainfall and low rate of plant growth in these months.  In the south of Ireland on-free draining soils, where plant growth begins earlier, landspreading of manures and fertilisers may be carried out in the month of January in dry spells when the soil is dry and trafficable.  In central and northern counties with slow-draining soils, trafficability generally confines landspreading to the period February through September.

5.7 Timing of Fertiliser Application

Fertiliser N is normally applied to grassland on a number of successive occasions during the growing season.  Because of the rapid growth response to fertiliser N, the strategic application of N can be used to modify the seasonal pattern of grass growth so that herbage production can be matched a little closely to the needs of livestock.

Current research at Grange (French P. 2002 pers comm.) is comparing a zero fertiliser N treatment with 2 treatments each using a total of 150kg of fertiliser N applied either regularly (51, 36, 33, 20, 10 kg N/ha applied on March 1st and mid April, May, June and July respectively) or irregularly (51, 33, 33, 33 kg N/ha applied on March 1st and mid June, July and August respectively) under grazing conditions.   This trial is specifically designed to pick up the effects of the grazing animal.  Preliminary results have shown that the grass growth curve can be manipulated without adversely affecting total grass yield (i.e. the classical spring peak is reduced and greater growth occurs during the summer period) (Figure 8).  Incidentally, there was a 75% increase in grass yield using 150kg N/ha/annum compared to zero N equivalent to a response of 26 kg DM/kg N.  Again it must be emphasised that the results are preliminary and the trial is on going.  The results are however, fairly consistent with research in the UK under a cutting regime.        Figure 8:
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      Source: French P. (2002 pers comm.) Grange Research Centre

5.8
Old Permanent Pasture v. Reseeded Swards

Hopkins et al. (1990) compared the response of old grassland swards (containing <30% perennial ryegrass) with sown perennial ryegrass to N application under 4-weekly cutting, at 16 sites, over 3-4 years, in England and Wales.  They found that increased DM production was obtained from the reseeded swards in the first year after sowing, but in subsequent years, the production advantage of the ryegrass was only sustained at the higher fertiliser rates (> ~250 kg/ha/annum) in effect, a steeper response curve on the reseeded swards (Hopkins, 2000).

Similarly the data of Keating and O’Kiely (2000) also suggests that better economic responses to higher rates of N fertiliser can be achieved with reseeded ryegrass swards compared to old permanent pasture (Figure 4).  For example, the average response to applied N for old permanent pasture, perennial ryegrass and Italian ryegrass swards was 6.1, 18.1 and 13.1 kg DM/kg N going from 330 to 430kg N/ha respectively.  For Italian ryegrass there was even a sizeable response of 12.3kg DM/kg N going from 430 to 530kg N/ha.

Present recommendations suggest that N fertiliser application levels for pasture less than 3 years old should be ~25% greater than pastures 3 years or greater at similar stocking rates (Teagasc, 2001).

5.9       Urea v. CAN

Murphy (1994) reported that the difference between urea and CAN for grass silage varied from year to year depending on weather conditions at the time of application.  In a dry year the difference was large (up to twice as many kg of N as urea were required to equal N as CAN) but in moist conditions urea and CAN gave similar results. The author also reported that if N must be applied at the time of liming, CAN rather than urea, should be used. 

It is important to note that, regardless of how much N fertiliser is applied, the production of grass will be significantly less than its potential if other essential soil nutrients are deficient (Holmes, 2001).   In particular, interactions between Nitrogen and Phosphorus and Nitrogen and Potassium can reduce grass yields by over 50% (Johnston, 1998).  This also applies to Nitrogen and Sulphur (see later).  This is of specific importance where N applications are limited, for instance under legislation.

5.10
Effect of Nitrogen Fertiliser on Grass Composition / Nutritive value

Reviews of the literature have concluded that for grass species harvested at the same age, an increase in N fertilisation (large differences) increases its organic matter digestibility on average by about 2% (Peyraud and Astigarraga, 1998; Peyraud, 2000).  Experiments in Teagasc Grange using smaller application differentials have found no significant difference in digestibility due to fertiliser N levels (Keating and O’Kiely, 2000).  

The apparent digestibility of crude protein (CP) and the digestible CP content are always higher in better-fertilised forages while the water soluble carbohydrate content of grass is inversely proportional to N fertilisation, and the structural carbohydrate content is practically unchanged (Peyraud and Astigarraga, 1998).  

Reducing N fertilisation brings about a dramatic reduction in grass CP content (50-90g CP/kg DM per 100kg N per hectare) growth (Peyraud and Astigarraga, 1998).  The effect of N fertiliser on CP content reaches a maximum soon after the application and then rapidly falls off i.e. rapid uptake followed by growth dilution. The N uptake by the plant increases rapidly with the level of N fertiliser resulting in a build up of non proteinic organic N, particularly at high fertiliser N applications. The effect of N fertilisation on the amino acid profile of grass proteinic N is not fully described. 

Delaby et al., (1996), contrasting two levels of N fertilisation at similar herbage allowances showed that a supplement of 600g MP per day on poorly N fertilised grass (CP 12%) is required to produce performances similar to those obtained on well fertilised swards (CP >16%). 

Dramatically reducing fertiliser N application rate can have important ramifications for dry matter intake, as the grass intake of dairy cows rapidly decreases below a threshold value of 14% CP.  Furthermore, increasing the application of fertiliser N can also have an indirect positive effect on grass intake by increasing the green leaf mass area per unit of ground (Peyraud and Astigarraga, 1998).

5.11
Effects of reducing Fertiliser N on Performance

It is well recognised that reducing N fertiliser input will reduce output performance.  For example, in a beef cattle grazing trial reducing the annual application of fertiliser Nitrogen from 227kg/ha to 57 kg/ha reduced herbage production by 16% and reduced the number of grazing days by 28% (Keane, 1994). In the second year of that study herbage production was down by 14% and the number of grazing days by 18% (Keane, 1995).  Gately et al. (1984) reviewing a series of experiments with dairy cows in Ireland found that on free draining soils the stock carrying capacity at the high N (365kg N/ha) levels was 19% higher than the low N (202kg N/ha).  

Lally (2001) reported that restricting Nitrogen (organic and inorganic) levels on Irish dairy farms would significantly reduce farm income.  

5.12
White Clover

White clover is the legume of choice for grazed pasture in temperate climates.   Most estimates of nitrogen fixation by white clover suggest that 50-150kg/N/ha/annum MAY be fixed (O’Riordan, 1995) with maximum activity in mid summer (Murphy, 1987).  However, systems based on grass/clover are seen as carrying high levels of risk combined with year to year variations in herbage and livestock production, which are greater than that from N fertilised swards (McGilloway and O’Riordan, 1999).  

A notable feature with white clover is its very poor growth performance in spring with no contribution until summer. This delay in growth is further exacerbated in conditions of low temperatures and high soil moisture e.g. poor draining soils (Murphy, 1987). By relying on atmospherically fixed nitrogen, the seasonal production of herbage is altered especially in Spring (Stakelum, 1991).  The poor growth of grass / clover in Spring is a major constraint in limiting production (McGilloway and O’Riordan, 1999) which is intensified by the uncertainty with pasture output (yield instability) from year to year (Murphy, 1987; Stakelum, 1991).

Although it is often perceived to be a desired sward component from an animal nutritional point of view, sward productivity is generally less (lower stocking capacity) than for comparable swards receiving inorganic fertiliser Nitrogen (Murphy, 1987; O’Riordan, 1996a).  For example, studies in Grange (O’Riordan, 1995, 1996b, 1997, 1998) have shown that under excellent management and precise detail, rotationally grazed clover-based (up to 45% of herbage DM) swards receiving 50kg N/ha (in February) had a beef output during the grazing season that approximates 80-95% of those achieved on nitrogen (220kg/ha) fertilised swards.  Steen and Laidlaw (1995) reported that the stock carrying capacity of ryegrass/white clover swards (mean clover proportions in grazed swards and silage aftermath’s were 78 and 165 g/kg DM respectively) continuously grazed by beef cattle and receiving 60kg N/Ha was 74% in the first year and 86% in the subsequent 4 years of swards receiving 360kg N/ha.  Furthermore, the contribution of white clover to pasture production at low N rates at farm level is most certainly much lower than that found at experimental level (Stakelum, 1991).

The application of fertiliser Nitrogen to grass/clover swards reduces the clover content in swards (O’Riordan, 1996a) as inorganic N compounds reduce the root nodule formation and functioning and the plant switches from using atmospheric N to using soil N (Murphy, 1987).  Indications are that Urea has less negative effects on clover than CAN (Murphy, 1987).  White clover is more sensitive to acidity than grass and its ability to fix atmospheric N is much reduced under low soil pH (Murphy, 1987).  Adequate soil P and K levels are also critical e.g. white clover has a greater requirement for P than ryegrass.

Thus, while clover as a component of ruminant diets is generally considered to be nutritionally beneficial, the seasonality of clover production, variation in production from year to year, lack of persistency and the likely animal health problems associated with bloat have limited the attractiveness of white clover (O’Riordan, 1996b, 1997).   In addition, a greater degree of technical and management skill is required to successfully manage a grassland system based on clover which is also a major constraint limiting production (McGilloway and O’Riordan, 1999). 

6.
PHOSPHORUS (P)

Phosphorus is very important for crop establishment and root development / growth (Murphy, 1990) and plays an important role in the nutrition of livestock, especially involving energy transfer, cell multiplication, growth and integrity and along with calcium, the formation of bones and teeth (Lynch and Caffrey, 1997).  It is interesting to note that the P required for ruminant digestion is 2-3 times that required for animal maintenance (Caffrey, 1998).

Using data from the early 1990s, Rogers and Murphy, (2000) reported that phosphorus levels in Grass in Ireland averaged 0.4% (sd=0.091) of the DM but ranged from 0.08 to 1.27%.   This compares with the phosphorus requirements of suckler / dairy cows during pregnancy and lactation of 0.3% and 0.37-0.4% of the DM Intake respectively and of growing cattle which ranges from 0.25-0.45% depending on age and daily growth rate (Caffrey, 2002). 

In the 1950s soils were generally extremely deficient in P resulting low yields of grass and crops and in some areas aphosphorosis in cattle (Culleton and Murphy, 1998).

The need to supplement soils with water-soluble or potentially water-soluble P fertilisers arises for the inability of the relatively small pool of native soil P to supply and maintain adequate amounts of soluble orthophosphate (H2PO4- and H2PO4 2-) to the soil solution for satisfactory crop growth and animal performance (Morgan, 1997a).   However, whereas N and K fertilisers in soils are relatively accessible to crop roots, this is not so with P fertilisers, which after dissolution in the soil water, are quickly immobilised by reactions with various soil constituents.  As a result P nutrition of field crops is largely dependent on the subsequent release of P from these reaction products to the soil water.   

Water-soluble phosphorus is the preferred source for Irish conditions (Murphy, 1990).  The phosphorus in superphosphate, ammonium phosphate and most compounds is water-soluble. In contrast, soft rock phosphates are slow acting and less efficient in than water soluble P on most soils.  Furthermore, soft rock phosphates are not suitable for use on soils where there is naturally occurring free lime i.e. soils of naturally high pH (Murphy, 1990).

6.1
Response to Fertiliser Phosphorus Application

There are very large responses to fertiliser P in deficit situations.  At generally low soil P levels (1-6 ppm), the application of 22kg P fertiliser/ha/annum resulted in an average annual growth response of 100-114 kg DM/kg P fertiliser in the latter three years of a 4 year study (64 kg DM in year 1) at 26 sites around Ireland when compared to zero P application (Ryan and Finn, 1976).  This equated to an herbage yield increase of 29-35%.  The application of a further 21kg of P fertiliser/ha/annum resulted in an additional growth response between 9 and 18kg DM/kg P fertiliser.  

Under cold conditions (early Spring) and low soil P concentrations (Morgans P of 2-6mg/l : Index 1 and 2) Jansen et al. (1997) found that the autumn or spring application of 15 kg P fertiliser / ha resulted in significant increases in grass production (March, April, May) ranging from 6 to 31 kg grass DM/kg fertiliser P applied compared to zero P application.  The application of 45kg P fertiliser did not generally increase grass yield any further.  However, on all occasions, the application of both 15kg and 45kg of fertiliser P significantly raised the herbage P content, even at sites with high soil P (18mg/l : Index 4).  Where zero P was applied, the P content of the herbage was deficient for animal production in March and April, while by May the P content of the herbage was deficient on ALL treatments, even the soil index 4 site where herbage P levels ranged from 0.32-0.36% (Jansen et al. 1997).  The latter is not sufficient for lactating suckler or dairy cows and fast growing young cattle (Caffrey, 2002). Similarly, Culleton and Murphy (2001) comparing three soil P levels (3, 5 and 8 mg/l Morgans P i.e. Soil Index 1, 2 and 3) that received a spring application of 13kg P fertiliser/ha, found consistently lower herbage P concentrations throughout the grazing season on the lowest soil P treatment.  Herbage P levels decreased from 0.39% in Spring to 0.23% in late Autumn, which is insufficient for most grazing animals.  In addition, herbage P levels were also deficient (for lactating suckler or dairy cows and fast growing young cattle) on the remaining treatments from June onwards.  Clearly, these results are worrying from an animal production and health point of view.

In a long term “P Maintenance Trial” under grazing at Johnstown Castle using 0, 15 and 30kg P/ha annually there was no response to P in the first year but from the third year onwards the liveweight gain was restricted by 15-25% on the zero P plots and ryegrass almost disappeared entirely from these plots (Murphy, 1994).  The results of thirty years of this research showed that the zero P treatment had only 71% of the beef yield of the 15kg P treatment and there was no difference between the 15kg and 30kg P treatments (Culleton et al., 2000).  In the zero P treatment there was a significant reduction in perennial ryegrass content (where present was around dung pats) while the Agrostis species increased significantly (Culleton et al., 1999a, 2001).

Under silage/hay cutting, considerably more P is removed than under grazing.   

6.2
The “P debate”

In Ireland, what is referred to as the P Debate emerged, primarily following the Teagasc Phosphorus Campaign (Teagasc November 1997). Leading soil and animal scientists, publicly raised serious questions about the fundamentals underlying, newly revised (downwards) Phosphorus Recommendations for Grassland, (Teagasc, Dec. 1996) as well as claims about the contribution of P from agriculture to trends in Irish water quality (e.g. Smillie, 1997, 1998a,b; Morgan, 1997b; Caffrey, 1998).  The debate has recently returned with furore (e.g. Smillie, 2001a, 2001b) following the publication of various documents e.g. Developing a National Phosphorus Balance for Agriculture in Ireland – A Discussion Document, EPA. 

6.3
Phosphorus and the Environment

The role of P in the occurrence of accelerated eutrophication in surface waters has long been established (Morgan, 1997a).  

However, there is the assertion that in Ireland inorganic Phosphorus (P) fertiliser was subject to runoff from land and that this made a significant contribution to eutrophication of surface water bodies.  This is based on reported increases in Morgan’s extractable P content as a result of historic applications of P fertiliser and the belief that there is a relationship between values for Morgan’s extractable P in soils and risk of P runoff (Morgan, 2000 - unpublished).  
Morgan (1997a, b) reviewing the international literature concluded that the scientific data DOES NOT provide a solid basis for making unqualified statements as to the general occurrence of P losses by the surface and subsurface runoff processes.  Results indicate that high P losses MAY occur under some, but not all, circumstances and that losses are more likely to occur as particulate and soluble P in surface run-off than as soluble P in subsurface drainage.  Furthermore, it is a highly site-specific process i.e. even within a particular catchment, farm or field, susceptibility to runoff losses can be highly variable.  Accordingly, risk of P loss will be determined by: 1. Soil properties 2. Cropping features, 3. Fertilisation programme 4. Soil management coupled with interactive effects.  This says that the application of localised observations, to a regional much less national, level is likely to give a distorted view of the real picture (Morgan, 1997a).  What's more, the situation may be exacerbated by the use of occasional/periodic measurement of P loss which cannot account of the spasmodic and highly variable nature of the loss process over time (Morgan, 1997a).  Similarly, Matthews et al. (1998) stated that the quantity of total P in soils has little or no relationship to the availability of P to plants or potential for losses to surface waters sensitive to P-induced eutrophication.

Recent detailed research carried out on a grassland farm in Ireland provided evidence that P runoff (as measured by differences in Morgans P values) was not a major feature of the soils (Torpey and Morgan, 1999).  It was concluded that there was no relationship between P concentration of drainage waters and soils located on the banks of those drains.   (Alternatively runoff may have occurred but was incapable of detection by the Morgans P procedure – which questions the use of the test as an index of the likely mobility of soil P and/or fertiliser in the field).  It was however, possible to obtain a close relationship between P inputs that originated at identifiable point sources (farmyards in this case) and the P concentrations of surface drainage waters and their associated sediments.  The results of this study have been further substantiated (Morgan, 2002 unpublished).
In contrast, research by Teagasc on P loss to water (Tunney et al., 2001) suggests that there is a relationship between soil test P (STP) and P loss to water, which indicates that annual dissolved reactive P (DRP) to water increases exponentially as STP increases.  However, as rightly pointed out by Tunney et al. (2001) the tentative Teagasc results estimating the P loss to water in Ireland are carried out on only 4 fields, 3 of which are in Johnstown Castle.

Presently, the jury is still out on these issues.

Culleton et al. (2000) stated that "The problem with further modifications of the (current) index system (Morgan’s extractable P content) is that we may be attributing more accuracy to a soil index system than is warranted".   Culleton et al. (2000) points out that  "At the moment Index 3 is recommended for intensive agriculture and the range of this Index is 6.1-10 mg/litre soil.  Changing this index is fraught with difficulties and if Index 3 were to be reduced, considerably more attention will need to be paid to soil sampling and soil types assuming productive agriculture is to be protected. Issues like soil type variations, soil sampling intervals, uniformity of areas to be sampled, sampling depth, sampling errors, methodology of sampling and analytical variations all warrant very close attention. Finally, if the target soil P levels are to be reduced, more attention will also need to be paid to the P nutritional requirements of productive ruminants". 

It is interesting to note that a recent experiment from Teagasc, Oakpark (Conroy and Hogan, 2001) comparing cereals grown under high (conventional) and low (reduced) inputs systems found that despite the application of the “recommended rate” / “calculated amount” of P fertiliser to the high inputs system, the soil P values had dropped considerably.  The residual P in the soil on the high inputs system decreased from 19.5 to 15mg/l (-23%) over a 5 year period while the low inputs system (which received zero P throughout) decreased from 18 to 10mg/l (-44%). 

Clearly, procedures used are already well within the realm of spurious accuracy.
From an animal production view point, Caffrey (1998) suggested that soil index 3 seems a reasonable target but if at index 4 continue to use maintenance dressings of P unless convincing evidence to the contrary.  In addition the author also stated that lower stocking rates require higher reserves of soil P (see under heading RECYCLING OF NUTRIENTS – Grazing Animal) which contrasts with recommendations.

6.4
Point Sources vs. Diffuse Sources

Investigations into environmental deterioration of waters bodies should first exclude point sources (both on-farm and off-farm) before considering diffuse sources (Mulqueen 1998).  Examples of point sources on-farm include, manure stores, silage clamps, soiled water and off-farm include village and town sewage works, industrial and business discharges, storm drainage overflows, septic tank systems etc., while examples of diffuse (or non-point) sources are principally surface runoff and drainage from farmland and forests (Mulqueen, 2001).  To date, this recommendation has NOT, or at best, is only partially adhered to.  (Obviously this is broadly applicable to ALL nutrients).

According to Mulqueen (2001) a distinction is to be made between intermittent flows derived from rainfall (e.g. surface runoff both on-farm and off-farm) and occasional or continuous discharges from drainage.  In the latter case drainage from silage clamps, inefficient sewage works, land-fill and septic tank system for example, is on a daily basis and continuous.  

Surface run-off from soils is principally a winter (Nov-Jan) phenomenon with little or none in summer, and is also of an intermittent nature (Mulqueen, 2001).  This contrasts with peak algal and other plant growth, which occurs during the summer as temperature and daylight primarily drive, it.  On the other hand, run-off from paved or hard surfaces takes place throughout the year (Mulqueen, 2001).  The importance of surface run-off from impervious (paved) surfaces, such as farmyards, is that it can result in a suspension and solution of contaminants and in their subsequent transport to waterbodies.  Control from these sources is critical in that they often contain high concentrations of major contaminants (BOD, PO4-P, NH4-N).  For example, O’Kiely and Tunney (1997) reported that the P concentration in extracted silage juice averaged 730mg/l. Furthermore, drainage from most point sources, as mentioned earlier, is on a daily basis throughout the year. 

7.
POTASH / POTASSIUM (K)

Potassium (K) has an important metabolic role and is vital for many plant functions (Holmes, 2001).  It is involved in processes such as the regulation of water content, nutrient movement and carbohydrate formation.  It influences the yield, protein content and quality of grass.   

In the soil it is in several forms, soluble, exchangeable (labile) and non-exchangeable (non-labile) (Herlihy and Moss, 1970).  Irish soils release some potassium in the course of the breakdown of the parent material and clay minerals but this release is very variable (Murphy, 1990). 

Rogers and Murphy, (2000) reported that grass samples in Ireland had an average K content of 2.83% of the DM but ranged from 0.51% to 6.60%.  On productive N fertilised swards the K removal rate can be high (Holmes, 2001) particularly under silage cutting (Murphy, 1994) and principally multiple cuts (Blagden and Murphy, 1998). 

There are large responses to K fertiliser in deficit situations. In a four year study at 26 sites around Ireland, Ryan (1977) reported that the application of 102 kg K fertiliser/ha/annum resulted in a 23% increase in grass yield compared to zero application or a response of 17.6 kg DM/kg K fertiliser.  In the latter two years of the study, the herbage yield increase was 33% or a response of 31 kg DM/kg K fertiliser.  There was also a significant response to higher levels of K fertiliser in the latter two years especially on lighter soils.  Increasing fertiliser K application increases grass silage yields (Keady and O’Kiely, 1996). The recent reduction in fertiliser K usage in Ireland is of particular concern.  Teagasc have cautioned that reductions in the application of K will possibly reduce K levels in the soil below that necessary for silage crops.  Furthermore, with a shortage in K, the content of Perennial Ryegrass in a sward can rapidly reduce with a concurrent invasion of inferior grass species (Culleton et al., 1999b).   

8.
OTHER MAJOR AND MINOR/TRACE ELEMENTS

Plants contain nearly all the 92 natural elements but only 16 - 13 of which are essential - are required for good growth. In addition to nitrogen, phosphorus and potassium, there are other major nutrients e.g. Sulphur (S) and Magnesium (Mg)) and minor / micro-nutrients or trace elements e.g. Zinc (Zn), Copper (Cu) and Manganese (Mn), which are fundamental for plant growth.   At least 26 elements are known to be essential for animal life.  Many have more than one function.  As grass and grass silage is the mainstay of ruminant diets in Ireland it is important to maintain an adequate concentration of the important minerals / trace elements in herbage for optimum animal health and production.
 

Irish forages (grass, grass silage and hay) have multiple imbalances of major- and trace- elements (Rogers and Murphy, 2000).  Grass has a poor balance of major elements, multiple deficiencies of trace elements and often high Mo levels.  For example, hay is very deficient in N (protein), P and Mg, low in Ca and Na and also very deficient in some trace elements.  Grass silage has a major and trace element level somewhere between grass and hay. 

Grazing animals can suffer from insufficient Cu, Mn, Iodine (I), Cobalt (Co) and Selenium (Se) and from excess molybdenum (Mo).  These trace element deficiencies may result in calf mortality (abortions, perinatal deaths, neonatal deaths), puerperal disorders (slow calvings, retained placenta, metritis), infertility, ill-thrift, reduced milk yield, and reduced immunity (increased susceptibility to disease (Rogers et al., 1989). 

While clinical deficiencies are obvious, sub-clinical deficiencies are difficult to detect.  Typically in cattle production the greatest impairment of marginal trace element deficiencies may be on the immune function, but in cases of severe deficiency, production traits such as reproduction efficiency and other performance parameters can be impacted.  

Theoretically soil application of trace elements is best, as the plant can transform the trace element into a form which is biologically more available to the animal (and human).  While the application of trace elements to the soil is often not recommended for correcting deficiencies it provides a foundation for building on and helps prevent deficiencies in marginal situations.

9.
SULPHUR (S)

Sulphur (S) forms part of two essential amino acids, the building blocks of protein.  Over 30% of Irish soils are deficient in S and this deficiency or requirement is expected to increase.   The areas most likely to be effected are sandy free draining soils with low organic matter (Teagasc, 1999).

In sulphur (S) deficient areas, grass yields are substantially reduced especially in summer and early autumn (Murphy and Boggan 1988; Murphy and O’Donnell, 1989; Murphy and Quirke, 1997).  Irish research has shown that when N alone was applied to S-deficient soils at high levels the grass yield was only 60% that obtained when both N and S were applied (Figure 9, Table 10, 11).  Responses in grass yield to S alone were greatest in the summer and autumn (20-30%) and increased with increasing N application (up to 207%) (Murphy and Quirke, 1997).  In addition, the “quality” i.e. higher protein-N levels, of the grass improved with S application.  Similarly, more recent Teagasc studies show increases in annual grass DM yields from 9 to 19% with S application.  Yield responses to S ranged from 8% in spring up to 52% in autumn (Table 10, 11).   This is also consistent with recent investigations carried in Northern Ireland where 50% of the soils are deficient in S.  This deficiency is attributed to annual S losses in the range 10-12kg/ha.  S deficiency reduced yields of grass DM by 20-30%.  

  Figure 9
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Table 10: 
Grass/clover sward yields in Teagasc, Knockbeg Trial 1994-1997
	Fertiliser application 

(kg /Ha)
	All Cuts
	July to September

	N
	S
	DM Yield (kg/Ha)
	Response to S
	DM Yield (kg/Ha)
	Response to S

	
	
	
	
	
	

	0
	0
	5314
	
	1632
	

	0
	25
	5774
	+9%
	2086
	+28%

	
	
	
	
	
	

	50
	0
	7516
	
	2120
	

	50
	25
	8300
	+10%
	2662
	+26%

	
	
	
	
	
	


Table 11
 Grass yields in Teagasc, Oakpark Trial 

	
	Yield (Tonnes DM/acre)

	Cut
	1
	2
	3
	Total

	
	
	
	
	

	No S
	8.3
	1.2
	2.1
	11.6

	S added
	9.0
	1.6
	3.2
	13.8

	% Response to S
	+8
	+33
	+52
	+19

	
	
	
	
	


10.
MAGNESIUM

Magnesium (Mg) is an essential constituent of chlorophyll, and is also required in energy transfer reactions, an activator of enzymes and in synthesis of proteins.  Mg levels in herbage are low in Spring and increase in mid-season.  The removal of Mg by silage is in the order of 25kg/ha. According to Morgan (1993) Mg concentrations in Irish soils appear to be consistently low regardless of soil Mg availability and soil applications of Mg appear to be ineffective in increasing herbage Mg content.  Herbage magnesium contents are generally increased by N fertiliser and decreased by increasing K supply (Hemingway, 1999).  Often the net effect of simultaneous applications results in little change in Mg content.  Mg levels in grassland are important because of the connection between grass tetany and the concentration of Mg in consumed herbage.

11.
TRACE ELEMENTS

Trace Element Deficiencies are occurring with increasing frequency in grassland and in arable crops (MacNaeidhe, 1992) due to intensive agriculture and fertilisers becoming purer.  For example, 65% of Irish herbage samples are deficient in Cu (Mee and Rogers, 1993).  Deficiencies of soil micro-nutrients may occur in crops due to an absolute lack of a particular micro nutrient or due to inadequate availability.  In general, trace element deficiencies are most likely to occur on light (sandy) soils or peaty soils, with increasing soil pH (i.e. with liming – except Mo) and in all-grass swards as opposed to grass-clover swards. 

Trace elements are carried about the plant as relatively simple organic complexes.  Most of the trace elements are taken up by the plants from the solution phase of the soil and are in exchangeable form i.e. loosely held on the soil organic matter and to a much lesser extent soil particles.  Some trace elements are dependent on the soil organic matter as an intermediary their transfer from clay minerals to the plant roots.  Zn is very dependent on the presence of organic matter whereas Cu is not.  

12.
INTERACTIONS BETWEEN NUTRIENTS

As pointed out previously it is important to note that regardless of how much N is applied the production of grass will be less than its potential if other essential soil nutrients are deficient,  particularly, interactions between Nitrogen and Phosphorus and Nitrogen and Potassium and Nitrogen and Sulphur.  Interactions also occur in terms of the level and / or availability of elements, both major and minor.

12.1
Major elements

All the major elements exert an influence on the availability of trace elements to plants but especially nitrogen.  Where concentrations of trace minerals (also minerals S and Mg) are low in the soil an induced deficiency occurs with N application i.e. a herbage dilution effect due to higher yields occurs.  In contrast, when N is applied to a soil with plentiful supply of the trace mineral, a complementary interaction occurs i.e. the trace mineral content in the herbage is increased compared to herbage not receiving N or simply, N application increases the uptake of Cu and Zn.  N is less effective in promoting crop growth and increasing crop yield when soil Zn concentrations are low.  Zn deficiencies occur at higher soil Zn concentrations when the soil pH and soil P values are high.  Excessive lime applications increase the risk of Mg, Mn and Zn deficiencies in soils.

12.2 
Trace elements

Complex relationships, sometimes antagonistic, also exist between trace elements in both the plant and the animal.  For example, the availability of Cu and Zn to plants and animals is reduced by high concentrations of iron (Fe) which are common in Ireland.  Thus, the widespread Cu deficiency in Irish soils is further compounded (from an animal point of view) by high Fe (Cu antagonist) intakes via soil ingestion (Mee and Rogers, 1993).  In reclaimed or disturbed soils the Mn/Cu ratio can affect the availability of Mn to and Cu to plants.  Only 2.2 and 0.7% of Irish grass and silage sample have a deficient Mn status (Rogers, 1993). 

13.
RECYCLING OF NUTRIENTS

Ruminants are inefficient at incorporating the nutrients in herbage into milk or meat (Scholefield and Fisher, 2000).   Large proportions of the major plant nutrients ingested by livestock are subsequently excreted.  However only a portion of the total amount of the nutrient excreted are in forms available for uptake by the plant (Pain, 2000). 

It has been estimated that 132 million tonnes of manure are produced annually in Ireland by farmed livestock (Brogan et al., 2001).  However, of this amount of manure, only that produced when the animals are kept indoors requires management – collection, storage and spreading / application / recycling on the land (Carton and Magette, 1998).  This represents almost 50% or 64.5 million tonnes, while the remaining 67.5million tonnes are deposited directly by grazing animals (cattle sheep and horses).  Of the total quantity of managed wastes arising, the cattle sector accounts for 57.5%, dairy washings 30.4%, silage effluent 4.2%, Pigs 4.1%, Agri-industry 1.9%, Poultry 0.7%, Horses 0.6%, sheep 0.5% and sewage sludge 0.2%. 

14.
SUMMARY

· Fertiliser is a vital input for efficient, sustainable crop and animal production.

· Grass growth is dependent on an adequate supply of many nutrients.
· The purpose of fertiliser application to grassland is to produce an appropriate level of soil fertility to support adequate crop growth (and animal performance) and to maintain an adequate level of soil fertility by replacing all nutrient off-takes, be they in the forms of milk, meat or crops, (grass/silage). 

· Nutrient deficiency, particularly Nitrogen, Phosphorus, Potassium and Sulphur will dramatically reduce output. 

· No ecosystem, whether natural or managed is completely “leak-free” e.g. all soils whether fertilised or not give up finite quantities of nutrients to percolating water.
· Precision in the use of fertiliser has become increasingly important in recent years because of concerns about possible environmental pollution. 

· It is paramount that the amounts of fertiliser used reflect soil fertility status and demands.

· Environmental guidelines and policies need to be realistic, not reactionary and particularly when forming the basis for agri-environmental legislation, should be developed from experimental results that are fundamentally sound, independently determined, representative of national circumstances and ideally, published in peer-reviewed scientific journals.  

· Plant response to increasing supply of any limited nutrient follows the characteristic “semi-sigmoid” relationship with an initial linear section before the incremental response gradually diminishes to zero.
· In order to accurately target soil nutrient deficiencies soil analysis is critical.

· Over 50% of all samples are deficient in Phosphorus (P) and Potassium (K) and a further 25 to 30% of soils require annual maintenance inputs of P and K i.e. to replace removals.  

· Over 30% of Irish soils are deficient in Sulphur (S) and this deficiency or requirement is expected to increase.

· Following a linear growth to the early 1990s, total fertiliser nutrient has now levelled off.

· The long-term trend lines for fertiliser price is essentially flat - prices today are similar to prices over 15 years ago 

· Fertiliser is one of the most cost-effective farm inputs. 

· The judicious management of fertilisers is fundamental to achieving adequate yields and simultaneously controlling costs.

· Maintenance of high soil fertility is important as it leads to less fluctuation in annual grass yield. 

· The operation of a flexible, adjustable grassland management programme revolves around the strategic use of fertiliser as a management tool.  

· The most effective input available to the grassland farmer to increase grass yields is the timely application of fertiliser particularly Nitrogen (N)

· Nitrogen is an essential constituent of plant proteins, nucleic acids and chlorophyll

· A deficiency of N restricts the growth of individual leaves (leaf size) and their photosynthetic capacity as well as restricting the number of tillers that develop
· Generally, herbage response to N application follows an initial linear phase of 15-30 kg DM/kg N, usually up to an application rate of within the range 250-400 kg N/ha.
· The response to fertiliser N application under silage cutting would be greater than under rotational grazing as the defoliation interval is usually much shorter under grazing
· Herbage production response to N input is directly proportional to the rate of herbage production of the sward at the time

· The grazing season may be extended by the prudent  use of fertiliser N 
· The strategic application of N can be used to modify the seasonal pattern of grass growth so that herbage production can be matched a little closely to the needs of livestock.

· Regardless of how much N is applied, the production of grass will be significantly less than its potential if other essential soil nutrients are deficient
· Reducing N fertiliser input will reduce output performance 

· Restricting Nitrogen (organic and inorganic) levels on Irish dairy farms would significantly reduce farm income.

· White clover is unappealing due to its seasonal production, variable annual production, lack of persistency, the likely animal health problems associated with it (bloat) and the need for greater degree of technical and management skills. 

· Phosphorus is very important for crop establishment and root development / growth and plays an important role in the nutrition of livestock

· There are very large responses to fertiliser P in deficit situations.

· The application of fertiliser P significantly raises the herbage P content

· Low herbage P levels reported are very worrying from an animal production and health point of view.

· The role of P in the occurrence of accelerated eutrophication in surface waters has long been established but the contribution of agriculture and sources within agriculture is strongly debated

· The Soil Test P procedures used, are already well within the realm of spurious accuracy.

· Investigations into environmental deterioration of waters bodies should first exclude point sources (both on-farm and off-farm) before considering diffuse sources

· Potassium (K) has an important metabolic role and is vital for many plant functions

· The recent reduction in fertiliser K usage in Ireland is of particular concern.

· In Sulphur (S) deficient areas, grass yields are substantially reduced especially in summer and early autumn
· Irish forages have multiple imbalances of major- and trace- elements

· Trace element deficiencies are occurring with increasing frequency in grassland

· Ruminants are inefficient at incorporating the nutrients in herbage into milk or meat thus large proportions of the major plant nutrients ingested are subsequently excreted.  
· Only a portion of the total amount of the nutrient excreted are in forms available for uptake by the plant
· Recycling of plant nutrients via the animal is highly inefficient as dung and urine are deposited in discrete patches on limited areas of swards in contrast to the relatively even “accumulation” by grazing.
· The dry matter and level of nutrients in slurry can vary enormously

· Complete substitution of manure for fertiliser is NOT possible
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				Annual Yield						No S		S Added

		0N-0S		6.57				0N		6.57		7

		0N-25S		7				30N		8.7		10

		30N-0S		8.7				60N		8.93		12.15

		30N-5.5S		10				120N		8.77		15.58

		60N-0S		8.93
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		120N-0S		8.77
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Linera regression

		

		Nitrogen kg		Yield - kg		Yield/50kg		Yield/kg		£120/t

		0		6900

		50		7797		897		17.94

		100		8625		828		17.25

		150		9384		759		16.56

		200		10005		621		15.53

		250		10557		552		14.63

		300		11040		483		13.80

		350		11385		345		12.81

		400		11592		207		11.73

		450		11592		0		10.43
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		Keating and O'Kiely 2000

		DM

				OPG Y1		OPG  Y2		LP Y1		LP Y2		LM Y1		LM Y2								0		230		330		430		530		630

		0		8.73		5.77		6.35		6.1		9.63		7.82						OPG Y1		8.73		15.87		17.13		17.7		17.65		17.87		25.4545454545

		230		15.87		11.52		14.22		10.76		18.19		13.28						OPG  Y2		5.77		11.52		12.33		12.97		13.25		12.72		19.8787878788		22.6666666667

		330		17.13		12.33		16.14		12.51		19.33		13.64						LP Y1		6.35		14.22		16.14		19.06		18.32		18.96		29.6666666667

		430		17.7		12.97		19.06		13.22		20.45		15.2						LP Y2		6.1		10.76		12.51		13.22		12.95		13.09		19.4242424242		24.5454545455

		530		17.65		13.25		18.32		12.95		21.79		16.32						LM Y1		9.63		18.19		19.33		20.45		21.79		21.43		29.3939393939

		630		17.87		12.72		18.96		13.09		21.43		14.59						LM Y2		7.82		13.28		13.64		15.2		16.32		14.59		17.6363636364		23.5151515152

		DDM

				OPG Y1		OPG Y2

		0		6.01		4.23

		230		11.09		8.4

		330		12.15		9.06

		430		12.57		9.33

		530		12.6		9.61

				12.7		8.8
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Weekly grass growth

				O N		150 kg N		300 kg N		600 kg N

		27/Mar		23.9		32.5		36.8		37.9

		2/Apr		32.1		43.3		48.5		54.0

		9/Apr		34.9		52.7		61.9		67.8

		17/Apr		37.6		57.8		69.5		77.3

		24/Apr		27.8		54.9		67.7		74.4

		1/May		33.0		62.7		76.5		82.1

		8/May		44.7		79.6		90.4		95.8

		15/May		57.5		95.7		105.5		113.4

		22/May		73.7		120.2		136.8		146.5

		29/May		88.6		135.0		158.1		165.6

		5/Jun		79.6		121.2		144.9		154.0

		12/Jun		61.0		99.3		122.5		126.1

		19/Jun		39.3		57.2		80.1		87.0

		26/Jun		37.7		52.4		69.8		79.4

		3/Jul		43.6		59.0		78.0		99.7

		10/Jul		46.1		64.8		85.2		117.1

		17/Jul		40.8		64.6		87.4		123.5

		24/Jul		25.9		51.3		75.8		107.2

		31/Jul		21.7		41.1		60.1		87.2

		7/Aug		22.9		36.3		52.9		84.9

		14/Aug		23.2		36.6		45.9		78.8

		21/Aug		23.7		37.1		50.5		80.7

		28/Aug		23.1		33.6		45.3		75.0

		4/Sep		20.2		27.0		34.8		58.9

		11/Sep		19.2		23.3		26.7		46.0

		18/Sep		14.0		18.2		20.0		31.5

		25/Sep		8.1		10.0		10.6		16.8

				7028		10972		13596		16582

				O N		150 kg N		300 kg N		600 kg N

		Annual Yield		7027.65		10972.13		13596.06		16581.76

						3944.48		2623.93		2985.70

						26.3		17.5		10.0

								21.89
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		The effect of nitrogen distribution pattern on grass growth kgDM/ha/day

						17-Apr		1-May		14-May		28-May		11-Jun		25-Jun		9-Jul		23-Jul		7-Aug		21-Aug		3-Sep		17-Sep		1-Oct

				0 N		19.86		9.08		11.79		47.69		43.12		48.26		11.75		22.56		42.86		20.12		38.30		31.96		21.18		368.51

		Irregular		150 kg N Irr		25.59		38.37		29.37		77.41		67.11		76.16		41.97		53.70		84.28		63.00		38.35		42.32		22.26		659.88

		Regular		150 kg N Reg		28.35		27.87		45.39		104.98		100.36		42.61		27.52		42.19		53.88		64.84		38.50		36.14		19.00		631.62

		Nitrogen application rate (kg N/ha)

		Treatment				Jan		Feb		1-Mar		15-Apr		15-May		14-Jun		14-Jul		13-Aug		12-Sep		12-Oct

		Regular (150)								78.5		55.4		50.8		30.0		16.2		0.0		0.0		0		230.8		152.3

		Irregular (150)								78.5		0.0		0.0		50.8		50.8		50.8		0.0		0		230.8		152.3

		NB: preliminary data
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Weekly grass growth

				O N		150 kg N		300 kg N		600 kg N

		27/Mar		23.9		32.5		36.8		37.9

		2/Apr		32.1		43.3		48.5		54.0

		9/Apr		34.9		52.7		61.9		67.8

		17/Apr		37.6		57.8		69.5		77.3

		24/Apr		27.8		54.9		67.7		74.4

		1/May		33.0		62.7		76.5		82.1

		8/May		44.7		79.6		90.4		95.8

		15/May		57.5		95.7		105.5		113.4

		22/May		73.7		120.2		136.8		146.5

		29/May		88.6		135.0		158.1		165.6

		5/Jun		79.6		121.2		144.9		154.0

		12/Jun		61.0		99.3		122.5		126.1

		19/Jun		39.3		57.2		80.1		87.0

		26/Jun		37.7		52.4		69.8		79.4

		3/Jul		43.6		59.0		78.0		99.7

		10/Jul		46.1		64.8		85.2		117.1

		17/Jul		40.8		64.6		87.4		123.5

		24/Jul		25.9		51.3		75.8		107.2

		31/Jul		21.7		41.1		60.1		87.2

		7/Aug		22.9		36.3		52.9		84.9

		14/Aug		23.2		36.6		45.9		78.8

		21/Aug		23.7		37.1		50.5		80.7

		28/Aug		23.1		33.6		45.3		75.0

		4/Sep		20.2		27.0		34.8		58.9

		11/Sep		19.2		23.3		26.7		46.0

		18/Sep		14.0		18.2		20.0		31.5

		25/Sep		8.1		10.0		10.6		16.8
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		The effect of nitrogen distribution pattern on grass growth kgDM/ha/day

						17-Apr		1-May		14-May		28-May		11-Jun		25-Jun		9-Jul		23-Jul		7-Aug		21-Aug		3-Sep		17-Sep		1-Oct

				0 N		19.86		9.08		11.79		47.69		43.12		48.26		11.75		22.56		42.86		20.12		38.30		31.96		21.18		368.51

		Irregular		150 kg N Irr		25.59		38.37		29.37		77.41		67.11		76.16		41.97		53.70		84.28		63.00		38.35		42.32		22.26		659.88

		Regular		150 kg N Reg		28.35		27.87		45.39		104.98		100.36		42.61		27.52		42.19		53.88		64.84		38.50		36.14		19.00		631.62

		Nitrogen application rate (kg N/ha)

		Treatment				Jan		Feb		1-Mar		15-Apr		15-May		14-Jun		14-Jul		13-Aug		12-Sep		12-Oct

		Regular (150)								78.5		55.4		50.8		30.0		16.2		0.0		0.0		0		230.8		152.3

		Irregular (150)								78.5		0.0		0.0		50.8		50.8		50.8		0.0		0		230.8		152.3

		NB: preliminary data
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				graze 3 week		-		-		13099		-

						0		150		300		450

				3 week cut		5161		8952		10735

				4 week cut		6340		10265		12454

				3 week cut		5372		8960		10240		13437

				4 week cut		8273		11837		13695		15793





		



3 week cut

4 week cut

3 week cut

4 week cut

Kg Nitrogen / annum

kg DM /annum

Effect of Fertiliser N on Annual Grass Production 
(3 v. 4 week cutting)



		

						0		155		310		536

				Annual Grass Yield		7		9.3		11.3		11.8





		



Annual Grass Yield

Fertiliser N (kg/Ha/annum)

t DM/ha/annum

Effect of N fertiliser on Annual Grass Yield



		Keating and O'Kiely 2000

		DM

				OPG Y1		OPG  Y2		LP Y1		LP Y2		LM Y1		LM Y2								0		230		330		430		530		630

		0		8.73		5.77		6.35		6.1		9.63		7.82						OPG Y1		8.73		15.87		17.13		17.7		17.65		17.87		25.4545454545

		230		15.87		11.52		14.22		10.76		18.19		13.28						OPG  Y2		5.77		11.52		12.33		12.97		13.25		12.72		19.8787878788		22.6666666667

		330		17.13		12.33		16.14		12.51		19.33		13.64						LP Y1		6.35		14.22		16.14		19.06		18.32		18.96		29.6666666667

		430		17.7		12.97		19.06		13.22		20.45		15.2						LP Y2		6.1		10.76		12.51		13.22		12.95		13.09		19.4242424242		24.5454545455

		530		17.65		13.25		18.32		12.95		21.79		16.32						LM Y1		9.63		18.19		19.33		20.45		21.79		21.43		29.3939393939

		630		17.87		12.72		18.96		13.09		21.43		14.59						LM Y2		7.82		13.28		13.64		15.2		16.32		14.59		17.6363636364		23.5151515152

		DDM

				OPG Y1		OPG Y2

		0		6.01		4.23

		230		11.09		8.4

		330		12.15		9.06

		430		12.57		9.33

		530		12.6		9.61

				12.7		8.8





		



OPG Y1

OPG  Y2

LP Y1

LP Y2

LM Y1

LM Y2

Fertiliser N kg/Ha/annum

t DM/ha/annum

Annual Yields of Grass DM in response to increments of fertiliser




